Abstract Calpain is a ubiquitous calcium-sensitive protease that is essential for normal physiologic neuronal function. However, alterations in calcium homeostasis lead to persistent, pathologic activation of calpain in a number of neurodegenerative diseases. Pathologic activation of calpain results in the cleavage of a number of neuronal substrates that negatively affect neuronal structure and function, leading to inhibition of essential neuronal survival mechanisms. In this review, we examine the mechanistic underpinnings of calcium dysregulation resulting in calpain activation in the acute neurodegenerative diseases such as cerebral ischemia and in the chronic neurodegenerative diseases including Alzheimer's disease, Parkinson's disease, Huntington's disease, multiple sclerosis, prion-related encephalopathy, and amylotrophic lateral sclerosis. The premise of this paper is that analysis of the signaling and transcriptional consequences of calpain-mediated cleavage of its various substrates for any neurodegenerative disease can be extrapolated to all of the neurodegenerative diseases vulnerable to calcium dysregulation.
Introduction
Neurodegenerative disorders are becoming increasingly prevalent. Disorders such as cerebral ischemia, Alzheimer's disease (AD), Parkinson's disease (PD), Huntington's disease (HD), multiple sclerosis (MS), and amyotrophic lateral sclerosis (ALS) manifest in various stages of adulthood and involve the dysfunction and ultimate death of neurons in the central nervous system (CNS). While the etiology underlying each disorder varies, the pathologic mechanisms, at least in part, converge on impaired intracellular calcium homeostasis, leading to activation of the cytoplasmic cysteine protease-calpain. Accordingly, calpain inhibition is neuroprotective in most models of neurodegeneration [1] [2] [3] .
This review examines the role of calpain in the pathogenesis of neurodegenerative diseases. The mecha-nisms leading to calcium homeostasis dysregulation identified thus far will be discussed ( Fig. 1) , as will the impact of calpain-mediated proteolysis on the function of calpain substrates and their role in eventual cell death (Fig. 2) . The primary tenant of this paper is that delineating the role of calpain in one neurodegenerative disease will lead to greater understanding of the core mechanisms of neuronal death in other neurodegenerative disorders and potentially to the development of viable therapeutic interventions.
Structure and Function of Calpain
Calcium-dependent protease with papain-like activity, or calpain, is a cytoplasmic cysteine protease that is activated by calcium. It is a highly evolutionarily conserved protease with homologues present in invertebrates, plants, fungi, and mammals, and it consists of 15 ubiquitous and tissuespecific isoforms in humans [4] . The catalytic subunits found in the CNS include isoforms 1, 2, 3, 5, and 10 [5] . The typical calpain isoform consists of an 80 kDa catalytic subunit and a 30-kDa regulatory subunit. The regulatory subunit possesses a hydrophobic, glycine-rich domain for membrane association. Each subunit contains an EF-hand domain, characteristic of most calcium-binding proteins [6] . For extensive reviews on the structure, tissue, and subcellular localization of calpain, see [4, 5, 7] .
There are two prototypical calpains, μ-calpain, and mcalpain. Mu-calpain, or calpain I, is located in the cytosol or near the membrane and is activated by μM concentrations of calcium in vitro. In contrast, m-calpain, or calpain II, is located at the membrane and requires mM concentrations of calcium for activation. Calcium sensitivity is functionally important as physiologic concentrations of calcium range from 100-1,000 nM [8] and rise to 5-10 μM during excitotoxic conditions [9] ; therefore, it is expected that μ-calpain would be affected by small changes in calcium concentrations, while m-calpain is likely activated by intracellular signaling via phosphorylation by protein kinase A (PKA) [5] and other yet undefined kinases. Following calcium stimulation, the 80-kDa subunit is autocatalytically processed to a 76-kDa fragment, and the 30-kDa regulatory subunit is processed to 18 kDa [10] . The regulatory subunit is critical for calpain activity; for example, it is necessary for embryonic development as genetic deletion of the subunit is embryonic lethal at E11.5 [11] . The requirement of m-calpain for development has also been demonstrated as it is necessary for embryo implantation [12] . Fig. 1 Mechanism of calpain activation in various neurodegenerative diseases. Outline of the specific mechanisms that lead to increased intracellular calcium and calpain activation. Ischemia, traumatic brain injury, and epilepsy all cause an acute increase in glutamate release resulting in increased intracellular calcium. The chronic neurodegenerative diseases AD, ALS, and PRE all result in increased NMDA receptor activation, while calcium dysregulation in HD and PD are thought to be due to mitochondrial dysfunction. MS is unique because pathologic calpain activation is initiated by T-cells and propagated by other immune cells such as macrophages and microglia. Examination of calpain activation in MS provides insight into another avenue for calpain activation in neurodegenerative diseases. Aβ amyloid β, AD Alzheimer's disease, ALS amyotrophic lateral sclerosis, Glu glutamate, HD Huntington's disease, INFγ interferon gamma, mhtt mutant huntingtin, MS multiple sclerosis, NMDAR N-methyl-D-aspartate receptor, ROS reactive oxygen species, PD Parkinson's disease, PKC protein kinase C, PRE prion-related encephalopathy, PrP prion-related peptide, PrP Sc prion-related peptide, scrapie form
Calpain activity is modulated in vivo by one known endogenous inhibitor-calpastatin. This cytosolic protein contains four calpain inhibitor domains and a consensus phosphorylation site for PKA, which increases calpastatin's specificity for m-calpain [13] . Both calpain and caspase-3 can cleave calpastatin. The calpain cleavage products retain their calpain-inhibitory activity [14] , while caspase cleavage abrogates the calpain inhibition of calpastatin.
The prototypical calpain substrate is the cytoskeletal protein α-spectrin (for review, see [15] ). Calpain cleaves this protein into characteristic 150 and 145 kDa fragments that are detectable by an antibody directed against α-spectrin for Western blot and immunohistochemistry [16, 17] and is stimulated by calmodulin binding of α-spectrin [18] . Thus, α-spectrin cleavage is a straightforward method to detect calpain cleavage in vitro and in vivo and has been used extensively as a quantitative measure of calpain activity. Despite numerous attempts to predict a preferential sequence of calpain cleavage [19, 20] , it has been determined that calpain likely cleaves via recognition of protein secondary or tertiary structure making substrate identification unpredictable.
As calpain activity is ubiquitous, it is not surprising that it is involved in the pathogenesis of many neurodegenerative diseases. This review will now concentrate on the effect of calpain cleavage on its various substrates in specific neurodegenerative diseases. The review is organized by neurodegenerative disease and further by location of the calpain substrate. While it is acknowledged that some calpain substrates are found at multiple locations within the cell (i.e., some signaling pathways start in the cytosol and end with transcription in the nucleus), the substrates are categorized by the location of the preponderate activity of the protein once it is cleaved by calpain.
Cerebral Ischemia

Pathophysiology of Activation
Cerebral ischemia is caused by the sudden loss of cerebral blood flow to either select brain regions (focal ischemia or stroke) [21] or to the entire brain (cardiac arrest) [22] . Clinically, patients present with focal neurologic deficits such as dysphagia, hemianopia, weakness, ataxia, sensory loss, and neglect for stroke or coma, seizures, or delirium for global ischemia [21, 22] . The initial pathology is caused by energy depletion to affected brain regions resulting in diminished sodium driving force, disrupting the resting membrane potential and causing unregulated depolarization [23] . Uncontrolled release of glutamate [24] , exacerbated by impaired reuptake, ultimately results in increased calcium influx through the hyperactivation of glutamate Fig. 2 Intracellular signaling consequences of calpain-mediated substrate cleavage. Examination of the effects of calpain cleavage on its numerous substrates can be categorized by subcellular localization or protein class. Here, calpain substrates are divided into receptor, cytosolic, mitochondrial, nuclear, structural, and myelin proteins (see key). Intracellular calcium concentration is tightly regulated by membrane and endoplasmic reticulum associated receptors. Calpain propagates its own activation by blocking the calcium purging actions of PMCA and NCX, increasing calcium influx via L-type calcium channel cleavage and causing ER release of calcium via cleavage of SERCA, RyR, and IP3R. Cleavage of mGluR1α and the NMDAR NR2A subunit the C-termini uncouples both receptors from prosurvival CREB activation and potentiates increased calcium levels via increased PLC activity. Cleavage of calcium-regulated proteins such as PKC and CamKIIα also increase their activity to potentially hyperphosphorylate and cause aggregation of α-synuclein and tau. CaN A cleavage increases its activity causing dephosphorylation and translocation of transcription factors NFAT and FKHR leading to increased Bim and FasL levels. Cleavage of p35 to p25 alters Cdk5 activity, which is also involved with hyperphosphorylation of α-synuclein and tau, and also translocates to the nucleus and turns off prosurvival gene expression via MEF2D and increases ROS by inhibition of Prx2. The substrate β-catenin may also be involved with calpain induced cell death as cleavage mediates gene transcription. Finally, in the cytosol, calpain cleavage products from proteins such as mhtt, CRMP, PrP Sc , and potentially tau translocate to the nucleus and are neurotoxic. Calpain also has substrates involved with mitochondria-associated programmed cell death. Calpain directly cleaves most of the caspases, Bax and BclxL, and AIF, and it indirectly activates Bad via increased CaN A activation to initiate programmed neuronal death. However, calpain can also inactivate this pathway by cleaving Apaf-1 and caspase-9 in a model-dependent manner. Calpain is also active in the nucleus where it cleaves CamKIV and PARP, the transcription factors Sp3, Sp4, and the immediate early genes c-Jun and c-Fos. The effect of CamKIV and PARP cleavage has not been delineated. Sp3, Sp4, c-Fos, and c-Jun cleavage is thought to decrease housekeeping gene transcription leading to cell death; however, c-Jun-mediated transcription has also bee implicated in cell death. Lastly, structural proteins such as α-spectrin, MAP-1/2, and α-and β-tubulin are calpain substrates. Cleavage of these proteins is thought to impair microtubule transport and cell body and synaptic neuronal structures, potentially leading to neuronal death. α-Syn α-Synuclein, AIF apoptosis-inducing factor, AMPAR alpha-amino-3hydroxy-5-methyl-4-isoxazolepropionic acid receptor, Apaf-1 apoptosis-activating factor 1, (Fig. 1) . Indeed, many proteins have been found to be calpain substrates following an excitotoxic insult both in vitro and in vivo (Table 1) .
Initially, calpain activation was thought to cause only necrotic cell death, while activation of caspases led to programmed cell death. However, calpain does play a role in apoptotic cell death in mixed glial and primary cortical neuronal cultures following oxygen-glucose deprivation (OGD) that is just as important as caspases [29] . Moreover, calpain has been shown to cleave and activate caspase-3 following maitotoxin treatment [30] and OGD [31] . The role of calpain in necrotic versus apoptotic cell death is still not without controversy. The calpain-cathepsin hypothesis posits calpain activation due to excitotoxic stimulus disrupts lysosomal membranes. This is ensued by the release of the lysosomal proteases, including cathepsins, the breakdown of cellular proteins, and, ultimately, necrosis [32, 33] . In support of this model, the sequential activation of calpain, cathepsins, and caspases occurs in a model of focal ischemia [34] , while the administration of E64d, a combined μ-calpain-cathepsin B inhibitor, decreases infarct volume, edema, and neurologic deficit following focal ischemia in rats [35, 36] .
A large number of proteins are cleaved by calpain following an ischemic or excitotoxic insult (for reviews, see [4, 8, 28, 37] Calpain may also cleave eukaryotic initiation factor 4G (eIF4G), a scaffolding protein critical for the delivery of mRNA cap-binding protein to the ribosome for translation. Decreases in eIF4G levels were demonstrated to be calpainmediated following cardiac arrest, as the pharmacological calpain inhibitor, MDL-28,170, abrogated diminished protein levels [61] . Calpain-mediated decreases in eIF4G were also shown following NMDA toxicity in primary neuronal culture as the calpain inhibitor calpeptin also blocked reductions in eIF4G protein levels [62] . Reduced eIF4G levels were correlated with inhibition of protein synthesis; however, in this model, although calpain inhibition was neuroprotective, it did not restore protein synthesis, leaving the significance of eIF4G reduction for neuronal survival in excitotoxicity unknown. Further studies are necessary to definitively show that eIF4G is a direct substrate of calpain as decreased protein levels could be indirectly linked to calpain via release of cathepsins or due to proteasomal degradation.
Nuclear
Calpain can alter the availability of a number of transcription factors, including those of the Sp-family proteins. These transcription factors regulate the expression of "housekeeping genes" and are critical for development and survival [63] . Following glutamate exposure, a de- [65] crease in Sp transcription occurs in cortical neurons [64] that is due to calpain cleavage of Sp3 and Sp4 [65] . The direct effects of diminished Sp-mediated transcription are unknown, but it has been suggested that they may mediate decreased expression of the NR1 subunit following NMDA-mediated excitotoxicity [66] . Pathologic proteolytic activation of calpain also occurs with the N-terminal cleavage of the collapsing response mediator proteins 1-5 (CRMP 1-5) [67, 68] . Nuclear translocation of CRMP N-terminal cleavage products has been implicated in neuronal death [67] and with the alteration of NMDA NR2B subunit expression at the neuronal surface [69] . Calpain-mediated increased activity of cyclin-dependent kinase 5 (Cdk5; the mechanism is discussed in greater detail below) following excitoxicity leads to phosphorylation of the NMDA NR2A subunit and increased neuronal death [70] . Overactivation of Cdk5 has also been implicated with the accumulation of hyperphosphorylated tau in ischemic areas [71] .
Thus, the acute insult of cerebral ischemia rapidly overactivates glutamate receptors, sharply increases intracellular calcium concentrations, and results in pathological calpain activation. Calpain potentiates its own activation via cleavage of calcium regulatory proteins at the membrane (L-type calcium channels, PMCA, and NCX) and ER (RyR, SERCA, and IP3R) resulting in further increases in intracellular calcium. Calpain-mediated cleavage uncouples NMDAR from prosurvival cascades (PI3K/Akt and PKA) and propagates mitochondrial dysfunction (Fig. 2) . Another consequence of ischemia-induced calpain activation is alteration of transcription through direct cleavage of transcription factors (Sp3 and Sp4) or through modification of phosphatase (CaN A) and kinase (Cdk5) activity. Finally, calpain-mediated CRMP N-terminal cleavage product translocation to the nucleus results in neuronal death-a phenomenon shared by many of the neurodegenerative diseases discussed below. Calpain activation due to cerebral ischemia is the most extensively studied and thus provide a foundation for the examination of discovered calpain substrates in other neurodegenerative diseases.
Alzheimer's Disease
Pathophysiology of Activation
Alzheimer's disease is clinically manifested by progressive dementia accompanied by neuronal death. The underlying neuronal histopathology consists of neurofibrillary tangles (NFTs) comprised of hyperphosphorylated collections of the microtubule-associated protein tau [72] and senile plaques made up of aggregated amyloid β-protein (Aβ) fibrils [73] . Amyloid β is produced by the cleavage of the integral membrane protein amyloid precursor protein (APP) by the sequential action of β-and γ-secretases [74] . Under physiologic conditions, APP is processed by a yet undefined α-secretase into a product of unknown function. Mounting evidence has demonstrated that increased levels [213] of soluble Aβ is the primary cause of neuronal pathology in AD [75, 76] . Higher concentrations of soluble Aβ result in higher intracellular calcium levels via NMDA receptor activation [77] [78] [79] . Calcium dysregulation, in turn, leads to increased calpain activation which has been shown in post mortem human AD patients' brains [80] [81] [82] (Fig. 1 ).
Membrane and Receptor (Physiologic Activation)
Calpain has been hypothesized as a candidate α-secretase responsible for the normal processing of APP [83] [84] [85] . Using siRNA directed against μ-calpain decreased overall phorbol ester-induced APP release with concomitant increase in Aβ production [86] . It would seem then that calpain is critical for normal APP processing. It is thus essential to understand the full temporal dynamics underlying the role of calpain in AD pathology. Based on this data, there could be an initial, subclinical decrease in calpain activity that alters APP processing toward the production of Aβ. The subsequent rise in Aβ concentration could then result in NMDAreceptor activation, leading to hyperactivation of calpain and the negative consequences unmasked by persistent calpain activity. Therefore, it is not sufficient to simply block calpain activity to provide therapeutic benefit, as this could lead to greater Aβ production.
Cytosol
The critical facet in mediating neurotoxicity in AD is how increased intracellular calcium-induced activation of calpain results in AD pathology. Examination of calpain substrates has identified a role for calpain in both the pathology and in the memory and cognitive impairment associated with the disease. Recently, it was discovered that Aβ application to primary hippocampal cultures resulted in the depletion of a synaptic vesicle recycling protein, dynamin 1, in an NMDA receptor- [79] and calpaindependent manner [87] . Calpain-mediated dynamin depletion in the absence of overt neuronal or synaptic loss was corroborated in vivo using the AD mouse model Tg2576 [87] . These studies concluded that impairments in synaptic vesicle recycling due to dynamin 1 depletion could impair long-term potentiation and may play a role in the cognitive decline seen in AD patients [87] . This conclusion is controversial, however, because a triple transgenic mouse model of AD [88] failed to show a decrease in dynamin 1 levels or decreases in synaptic vesicle recycling despite AD-like pathology and abnormal synaptic plasticity [89] .
An additional mechanism whereby pathologic calpain activation may produce cognitive and memory impairment is via decreases in cAMP-dependent protein kinase (PKA). PKA plays a prominent role in the activation of cAMP response element binding protein (CREB), an important transcription factor involved in the conversion of short-term to long-term memory [90] . Expression of both PKA regulatory subunits RIIα and RIIβ and the catalytic subunit Cβ are diminished in AD [91] . These lower levels of PKA should attenuate CREB activation and result in impaired memory. It must also be noted that PKA negatively regulates m-calpain via phosphorylation [92] ; thus, calpain-mediated decreases in PKA activity will further enhance calpain activity. This positive feedback favoring further calpain activation may produce persistent calpain activity.
Calpain overactivation due to Aβ-induced calcium dysregulation may compliment the decrease in CREB activation via cleavage of protein phosphatase (PP) 2B or calcineurin A (CaN A) in the cytosol [5] . Calpain cleaves subunit A, the autoinhibitory domain of CaN A in vitro [93, 94] , and in AD brain leading to a twofold increase in CaN A activity [95] . The activation of CaN A is also correlated with the number of NFTs [95] , further suggesting a role of CaN A in the underlying pathogenesis of AD. CaN A inactivates inhibitor of protein phosphatase 1 (PP1) by dephosphorylation [96] , which leads to increased PP1 activity and subsequent dephosphorylation and further inactivation of CREB.
Hyperphosphorylation and subsequent aggregation of tau protein is another hallmark of AD pathology [97, 98] . Calpain may mediate altered phosphorylation through activation of specific kinases. Tau hyperphosphorylation occurs concurrent with activation of the mitogen-activated protein kinases Erk 1/2 and calpain in AD but not normal brains [82] . Treatment of primary neurons with the calcium ionophore ionomycin recapitulated this phenomenon in vitro, demonstrating that Erk 1/2 activation and subsequent tau hyperphosphorylation was calpain dependent [82] . Calpain can also cleave protein kinase C (PKC) and calcium/calmodulin kinase (CamK) IIα, resulting in increased kinase activity [99, 100] that may further contribute to tau hyperphosphorylation via downstream PKC-substrate activation [101] .
Glycogen synthase kinase (GSK) 3 is another kinase that mediates tau hyperphosphorylation [102] and has been shown to be a substrate of calpain [103] . Calpain cleaves the inhibitory domain of GSK-3β, thus increasing its kinase activity [103] . Overactivation of GSK-3β may contribute directly to AD pathology via tau hyperphosphorylation or since it plays a role in many key cell regulatory processes, it may contribute to neuronal death through the β-catenin pathway [104] .
Nuclear
Modulation of GSK-3β substrates by calpain also occurs. Calpain can cleave β-catenin at its N terminus, removing its GSK-3β phosphorylation site, and lead to increased nuclear translocation and Tcf/Lef transcription [105] . While dysre-gulated β-catenin/Tcf pathway has been implicated in AD [106] and carcinogenesis [107] , calpain cleavage of β-catenin and Tcf pathway activation is involved in the exploratory behavior in mice [105] . Further research is required to delineate the physiologic and pathologic roles of β-catenin and GSK-3β cleavage by calpain.
Pathological calpain activity in AD and AD models also results in the activation of other kinases involved in the hyperphosphorylation of tau. One kinase targeting the nucleus that has been extensively studied in AD is Cdk5 (for review, see [108, 109] ). Cdk5 is physiologically activated by p35 [110] ; however, under conditions of calcium dysregulation and calpain activation, p35 is cleaved to form p25 [111, 112] . This truncated form of p35 does not contain the membrane localization sequence of p35 and has a longer half-life, leading to increased activity often in abnormal subcellular locations, including the nucleus [112] . Increased levels of p25 have been found in AD post mortem brain tissue [112] , suggesting that Cdk5 plays a role in the pathogenesis of AD. Furthermore, using in vitro models of AD applying Aβ to primary neurons activates calpain, p25 production, and hyperphosphorylation of AD-specific epitopes of tau [111, [113] [114] [115] .
In a model of endoplasmic reticulum stress, calpaindependent cleavage of p35 to p25 results in the translocation of Cdk5/p25 complexes to the nucleus, increasing histone H1 kinase activity [116] . Aberrant Cdk5 activation within the nucleus was hypothesized to activate cell cycle promoting factors, a phenomenon thought to cause cell death in terminally differentiated neurons [117] . The use of a dominant negative form of Cdk5 that inhibits the Cdk5/ p25 but not the Cdk5/p35 complex protected cells from ER stress [116] . Alternatively, Cdk5 inhibitors, but not other cell cycle inhibitors, were demonstrated to diminish neuronal death by blocking mitochondrial dysfunction [118] . The pathological activity of Cdk5 is complex as hyperactivation has consequences within both the cytosol and nucleus. Thus, the exact mechanism of Cdk5-induced neuronal death remains controversial, albeit aberrant activation due to p35 cleavage to p25 by calpain is generally accepted.
Phosphorylation state of tau may not be linked to tauinduced cell death [119, 120] . In support of this, it was discovered that Aβ exposure to primary hippocampal neurons resulted in the calpain-mediated cleavage of tau into a toxic 17 kDa fragment-an occurrence that preceded Aβ-induced tau phosphorylation [121] . Overexpression of tau fragments (1-441) or (1-44) in primary neurons also resulted NMDAR-mediated, calpain-dependent activation of Erk 1/2 and neuronal death in primary neuronal culture [122] . Indeed, the tau fragments that induced cell death do not have AD-specific phosphoepitopes. Together, these results indicate that calpain not only contributes to AD pathogenesis indirectly via activation of a number of important kinases but it is also directly involved in AD neuronal death by creating a neurotoxic tau fragment. The subcellular localization of the neurotoxic tau fragment has not been determined, but the nuclear translocation of other calpain-induced fragments is associated with neuronal toxicity. The tau fragment produced by calpain may be functioning in a similar manner. Further research is necessary to delineate the full role of calpain in the pathogenesis of AD and the downstream effects of the kinase substrates of calpain on eventual neuronal demise.
Parkinson's Disease
Pathophysiology of Activation
Parkinson's disease is a neurodegenerative disease afflicting greater than 1% of the population aged 65 years and older. The clinical signs and symptoms are comprised of progressive bradykinesia, rigidity, resting tremor, and dementia [123] . The hallmark pathology associated with PD is the formation of fibrillar α-synuclein-containing inclusions called Lewy bodies along with the selective death of dopaminergic (DA) neurons in the substantia nigra (SN), the locus coeruleus, and the ventral tegmental area, which is thought to produce the aforementioned clinical motor symptoms, and eventual loss of cortical matter ending with dementia [124] . The etiology of PD remains largely unknown as most of the cases presented are sporadic, with only 5-10% of patients with PD possessing known PD-associated genetic mutations [125] . Currently, there are 13 known genetic loci that have been implicated in inherited PD [125] , and these gene products have provided researchers insight into the complex pathophysiology fundamental to PD. As will be discussed in this section, calpain activation is implicated with two of these loci, Parkin and α-synuclein, along with other potential mediators of dopaminergic cell death.
The pathophysiology underlying the selective susceptibility of DA neurons to degeneration in PD is at least in part due to mitochondrial dysfunction, leading to increased free radical production and higher intracellular calcium concentrations [126] . Catecholaminergic neurons are more vulnerable to excitotoxic stress due to a paucity of the calcium binding proteins calbindin and calretinin [127, 128] . The lack of these proteins would allow for activation of calpain at lower calcium levels. Indeed, increased mcalpain expression was found in the fibers of mesencephalic neurons of patients with PD, with the highest concentration in the SN. Moreover, m-calpain colocalized with neurons positive for tyrosine hydroxylase, the rate limiting step in catecholaminergic synthesis, and was present within Lewy bodies [129] .
Interestingly, tyrosine hydroxylase is a substrate of calpain. Calpain proteolysis of the N terminus of this key enzyme in DA synthesis increases its activity by eliminating feedback inhibition [130] . Therefore, cleavage of tyrosine hydroxylase leads to increased DA production under normal physiologic conditions; however, persistent, pathologic activation of calpain might cause production of dopamine to toxic levels [131, 132] . Furthermore, it was determined that overexpression of mutant α-synuclein sensitized cells to dopamine toxicity [132] , and α-synuclein itself can reduce the activity of tyrosine hydroxylase [133] . Thus, α-synuclein aggregation may allow calpain activation of tyrosine hydroxylase to dominate and result in dopamine overproduction.
The endogenous inhibitor of calpain, calpastatin, was also examined in PD patient brains to determine if there was a loss of calpastatin expression which might account for the increase in calpain activation. This was found not to be the case, as there was no correlation of calpastatin immunoreactivity and neuronal vulnerability to PD [134] .
Using these findings as a starting point, examination of calpain activation continued in PD models. Administration of N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) to nonhuman primates and humans resulted in the selective lesion of the nigrostriatial pathway mimicking the signs and symptoms of severe PD [135, 136] . The blood brain barrier (BBB) permeable MPTP is oxidized to its active metabolite 1-methyl-4-phenylpyridinium ion (MPP + ) by monoamine oxidase B [137] . Once in the cell, MPP + was found to irreversibly inhibit mitochondrial respiratory chain complex 1 resulting in decreased ATP levels [138] , increased reactive oxygen species [139] , and sustained increases in cytoplasmic calcium [140] . Determining the mechanism of MPTP-induced toxicity has provided great insight into the pathophysiology underlying PD (Fig. 1) .
Based on increased calcium concentrations induced by MPTP, it was hypothesized that calpain may be activated and involved in the neuronal death observed following MPTP administration. The loss of TH-immunoreactive cells in the mouse striatum following MPTP exposure was abrogated by administration of a pharmacological calpain inhibitor MDL-28170 or using an adenoviral vector expressing calpastatin, suggesting calpain-mediated DA neuron death [141] . Moreover, calpain inhibition resulted in increased motor activity compared to MPTP-only treated mice. The authors also examined the effect of MPTP and calpain inhibition following MPTP administration on neurotensin expression. Neurotensin potentially blocks DA neurotransmission [142] and has been demonstrated to increase following MPTP administration in mice [143] and in human postmortem PD brain [144] . Calpain inhibition following MPTP treatment abrogated the increase in neurotensin expression caused by MPTP alone [141] . Finally, the authors observed an increase in calpain cleaved α-spectrin levels in post mortem PD brains. Taken together, it seems that calpain is likely to be activated following MPTP administration in mice and paralleled in the PD brain.
Cytosol
Using neuronally differentiated PC-12 cells to examine the mechanism behind MPTP-induced calpain activity has shown that activation of c-Jun N-terminal kinase and cJun increases BimEL expression [145] . BimEL interacts with other Bcl-2 family members to facilitate the proapoptotic proteins Bax and Bak in disrupting mitochondrial membrane permeability. In turn, disrupted mitochondria release cytochrome c and alter calcium homeostasis leading to caspase and calpain activation, respectively. Increased mitochondrial calpain activity has been shown to cleave apoptosis inducing factor (AIF) near its N terminus, releasing it from the mitochondria and inducing cell death [146] .
One specific calpain substrate implicated in PD pathology is α-synuclein. Calpain has been demonstrated to cleave fibrillated α-synuclein in the C-terminal region in vitro [147, 148] , generating fragments that promote aggregation into putative Lewy bodies. These fragments are implicated in DA neuron death via induction of oxidative stress shown in vitro [149] , in vivo [150, 151] , and in postmortem PD brain [149, 150] . There is some controversy as to the role α-synuclein cleavage plays, since calpain-mediated cleavage of the N-terminal region removes the nonamyloid component and prevents fibrillation, and this would be thought to be protective [147, 148] . Upon examination of the fragments present in α-synuclein aggregates in vivo [150, 151] and in postmortem PD brain [149, 150] , there is a prevalence of C-terminal truncated α-synuclein, suggesting this is the neurotoxic and predominate form of α-synuclein found in Lewy bodies in PD brain.
A potential physiologic mechanism of α-synuclein cleavage by calpain was shown in an embryonic hippocampal cell line where overexpression of Parkin, a ubiquitin-protein ligase E3 [152, 153] , diminished α-synuclein-induced cell death via calpain activation [154] . However, Parkin is one of the PD-related genetic mutations [125] , and decreased activity of this enzyme would suggest decreased physiologic calpain activation leading to α-synuclein aggregation, increasing oxidative stress in neurons leading to excitotoxicity and pathologic calpain activation.
Calpain activation is also activated in both the rotenone and the 6-hydroxy dopamine (6-OHDA) models of PD.
Rotenone, a specific and irreversible inhibitor of mitochondrial complex 1, activates calpain prior to caspase activation and increases phosphorylation of the tumor suppressor gene p53 in mouse cortical neurons [155] . Increased phospho-p53 did not increase expression of cell cycle proteins indicating that calpain did not induce cell death via cell cycle activation [156] ; however, it has been shown that following DNA damage calpain inhibition blocked activation of p53 and subsequent cytochrome c release and caspase activation [157] . Thus, calpain acts upstream of p53-and caspase-mediated neuronal death. It should be mentioned that p53 has been shown to be a substrate of calpain in MCF-7 human breast carcinoma cell line [158] , but this has not yet been demonstrated in neurons.
Rotenone exposure to rats in vivo also activates calpain and induces greater than 90% of motor neuron death in spinal cord [159, 160] . Exposure to hydrogen peroxide, known to be induced by 6-OHDA [161] , activated caspase-3 in a calpain-dependent manner [162] . This demonstrates that calpain activation occurs along not just one but several mechanisms in various models of PD.
Nuclear
Calpain in the nucleus can also cleave the transcription factors c-Jun and c-Fos [163] , and blocking c-Jun activation has been shown to be protective in MPTP model of PD [164] . Thus, while calpain is involved in the pathology of PD, under physiologic conditions, it may also function to mitigate the transcription of messages detrimental to the cell.
In the MPTP PD model, as was found for AD, calpain cleaves p35 to p25, resulting in the abnormal activation of Cdk5 [165, 166] . Decreased MPTP-induced DA cell death and diminished behavioral deficits were seen using p35 deficient mice [166] . Furthermore, the authors demonstrated that the transcription factor involved with transcription of survival signals, myocyte enhancing factor 2D (MEF2D), was phosphorylated and inactivated by Cdk5; blocking MEF2D phosphorylation by overexpressing a nonphosphorylatable mutant also blocked MPTP-induced TH-positive neuron loss [166] . It has also been shown that Cdk5/p25 can phosphorylate Parkin decreasing autoubiquitilation and promoting α-synuclein inclusions [167] . Calpain cleavage of p25 with subsequent Cdk5 overactivation also results in phosphorylation of peroxiredoxin 2 (Prx2), an antioxidant with peroxidase activity [165] . Identified via p35 binding and mass spectrometry, Prx2 was found to be phosphorylated by Cdk5, an event that diminishes its activity. Accordingly, downregulation of Prx2 activity resulted in increased oxidative stress and cell death due to MPTP exposure, and p35 knockout mice showed decreased oxidative stress [165] . Substantiating this finding, phosphorylated Prx2 is increased in the SN of PD brains [165] , and complexes of Cdk5/p25 have also been found in post mortem PD brains in the cingulate gyrus [168] . Further confirming the pathological role of calpain/Cdk5/p25, it was shown that blocking Cdk5 activity using melatonin [169] or the broad spectrum Cdk inhibitor, flavopiridol, blocked MPTP-induced cell death in rat cerebellar granule neuron culture.
The equilibrium underlying normal, regulated calpain activation and its persistent pathologic activation is evident in the mechanisms affecting nuclear factors. When combined with the cytosolic effects, calpain is a potent mediator of pathologic events in PD brain. Furthermore, modulation of the membrane or receptors by calpain in PD has not yet been examined, thus providing an additional topic to investigate in PD.
Huntington's Disease
Pathophysiology of Activation
The underlying etiology of Huntington's disease, an autosomal dominant neurodegenerative disorder, is a mutation resulting in the expansion of the polyglutamine (polyQ) region in the N terminus of huntingtin (htt) protein [170] . Despite having the mutation in their entire lives, patients tend to manifest signs and symptoms beginning in the fourth decade of life consisting of involuntary movement, emotional disturbances, and dementia [171] . Currently, the exact mechanism whereby mutated htt causes neuronal death has yet to be determined. The fundamental pathology of HD is the selective loss of medium spiny projection neurons in the striatum [172] and cortical projection neurons in layers V and VI [173] .
One hypothesis concerning the mechanism of mutant htt (mhtt) causing neuronal death is that mhtt induces mitochondrial defects through the selective inhibition of mitochondrial complex II-succinate dehydrogenase [174] [175] [176] leading to aberrant calcium homeostasis [177, 178] (Fig. 1) . Indeed, transgenic mice that overexpressed full length htt had a twofold increase in intracellular calcium [179] , decreased inactivation of glutamate via vesicle uptake [180] , and increased NMDA receptor currents [181] [182] [183] . Furthermore, mitochondria in a transgenic htt mouse model overexpressing a 128 polyQ repeat domain were sensitized to NMDAR activation, leading to increased intracellular calcium and the loss of mitochondrial membrane potential [184] . The HD specific striatal degeneration has also been linked to increased calcium sensitivity of striatal mitochondria [185, 186] . Using the mitochondrial complex II inhibitor 3-nitroproprionic acid (3NP), striatal neurons were shown to be more susceptible to alterations in calcium equilibrium than cortical neurons in vitro [187] and in vivo [188] .
Cytosol
One of the consequences of mitochondrial calcium dysfunction is calpain activation. The presence of N-terminal truncated mhtt in the nucleus and cytoplasm in the human brain, a pathologic hallmark of HD [189, 190] , is neurotoxic both in vitro and in vivo [191, 192] . Initially, caspase-3 was shown to cleave both wild-type and mhtt into N-terminal fragments [193, 194] . However, the caspase-dependent fragments were found in both control and HD brain, suggesting that caspase-mediated cleavage of htt was not producing the pathology of HD [195] . Further processing of the caspase-3 N-terminal fragments is also performed by calpain [195] . Subsequent exploration of calpain-mediated proteolysis of htt demonstrated active calpain in the caudate of HD but not control brains [196] . Calpain was able to cleave htt in a polyglutamine repeatdependent manner [196, 197] and was induced by calcium excitotoxicity [198] . Furthermore, the fragment produced by calpain was smaller (∼45 kDa) than the caspasemediated fragment [154, 195, 196] , thus enabling it to translocate to the nucleus and potentially result in increased toxicity [199] .
Further evidence suggests that calpain alone, and not caspases, is involved in producing the pathologic proteolysis of htt. Using the 3NP HD model in vivo, it was demonstrated that caspase was activated only in acute administration of 3NP whereas calpain was activated in both the acute and chronic 3NP treatment models. Calpain inhibition blocked htt cleavage, decreased striatal degeneration, and completely prevented DNA fragmentation [200] . Inhibition of calpain proteolysis of htt has also been shown to be neuroprotective in vitro via mutation of calpain cleavage sites of htt [201] . Additional evidence implicating calpain in HD neurodegeneration has shown that 3NP induces mitochondrial dysfunction leading to cytochrome c release and calpain activation in striatal cultures. While cytochrome c release did result in activation of caspase-9 and subsequent activation of caspase-3, calpain was shown to cleave both caspases-3 and 9 rendering this pathway inactive [202] . Interestingly, the pan-caspase inhibitor zVAD has also been shown to inhibit calpain, decreasing 3NP toxicity [203] , and casting ambiguity on the results of previous experiments examining the role of caspases in HD pathology.
Nucleus
Analyses of calpain substrates other than htt in the pathogenesis of HD have been limited; however, the role of Cdk5 has been investigated. As with the previous neurodegenerative diseases discussed, calpain activation following 3NP administration in vivo resulted in the processing of p35 to p25, leading to increased Cdk5 activity and decreased phosphorylation of MEF2D [204] . Direct Cdk5 phosphorylation of htt at specific serine residues resulted in decreased htt cleavage and increased fragment aggregates [205] , while constitutive phosphorylation of htt decreased toxicity from polyglutamine containing htt [206] . The role of htt phosphorylation is interpreted as a response to DNA damage that is dependent on p53. Increased DNA damage and a decrease in total Cdk5 and p35 levels are found in the striatum of HD brains [206] ; however, calpain activation, p25 levels, or Cdk5 activation have not been investigated. Clearly, more studies are necessary to elucidate the function of Cdk5 in HD pathology.
In summary, mitochondrial sensitivity, likely due to complex II inhibition, mediates intracellular calcium dysregulation. Activation of calpain then cleaves htt and mhtt, resulting in the formation htt N-terminal fragment aggregates pathognomonic of HD. It remains to be determined, however, which occurs first: mitochondrial dysfunction or mhtt fragmentation. Further experiments need to explore this question as well as what other calpain substrates are important in HD pathogenesis in order to fully understand the disease and to develop therapeutics for HD. Unlike the previous disorders discussed, a physiologic role of calpain in HD has not been discerned.
Multiple Sclerosis
Pathophysiology of Activation
Multiple sclerosis is a progressive T-cell-mediated autoimmune disorder characterized by plaques of demyelination occurring in the CNS. The demyelination results in loss of saltatory nerve conduction with eventual axonal degeneration [207] . Clinically, MS is more prevalent in females (2:1, female to male) and patients present with visual disturbances, loss of motor coordination, and limb weakness [208] . The pathogenesis underlying MS is thought to be due to Tlymphocyte activation and inflammation directed against myelin proteins [207] . The histological features of MS are infiltration of T cells, macrophages, B cells, and reactive astrocytes and microglia in the proximity of demyelination plaques [207] . T-cells reactive to myelin proteins are thought to be activated in the periphery [209] . They then cross the blood brain barrier and are presented with and process the antigen [210] . This results in a secondary influx of lymphocytes and macrophages leading to the destruction of myelin and axonal damage [211, 212] (Fig. 1) .
Membrane/Receptor
Loss of myelin proteins occurs by protease-mediated breakdown. The role of calpain was examined since all major myelin proteins, including myelin basic protein (MBP) and axonal neurofilament protein (NFP), are substrates of calpain [213, 214] . Activated T-cells also have increased intracellular calcium [215] and express and secrete calpain [216] [217] [218] . Using an animal model of MS, experimental allergic encephalitis (EAE), calpain expression was increased twofold over control with decreased levels of myelin associated glycoprotein and NFP [219] . Increased calpain expression was also seen in activated microglia, macrophages, reactive astrocytes, and activated T-cells in EAE [220] , and calpain activity was correlated with myelin loss [221] , optic neuritis [222] , increased calcium, and neuronal cell death [223] . Higher calpaininduced α-spectrin cleavage products in MS-plaques have also been shown in human MS brain [224, 225] . As in the EAE model, increased expression was seen in reactive astrocytes and monocytes, activated T-cells [225] , and in relation to axon damaged areas [224] .
Cytosol
In addition to secretion of calpain [218] , activated T-cells release the cytokine interferon γ (INFγ), which stimulates the protein kinase C signaling cascade in effector cells such as glia and macrophages [226] . Accordingly, stimulation of the PKC pathway in cultured macrophages and microglia using phorbol myristate acetate led to macrophage apoptosis including release of calpain into media and activation of microglia leading to increased myelin phagocytosis [227] . Release of calpain into the extracellular milieu would be expected to activate the protease due to the high calcium concentration (∼2 mM); the proteolysis of myelin proteins and membrane proteins on oligodendrocytes could also compromise the membrane and lead to increased calcium influx into the cells. Thus, calpain could play a pathophysiologic role at both extracellular and intracellular sites.
Oligodendrocytes treated with pharmacologic agents that lead to alterations in calcium homeostasis such as kainate and thapsigargin were shown to undergo apoptosis in a calpain-dependent manner [228] , and TNFα-induced cell death was shown to be AIF-dependent [229] , probably due to calpain-mediated cleavage [146] . Using another cell type known to be affected in MS, retinal ganglion cells, it was determined that exposure to a calcium ionophore or INFγ initiated calpain-dependent cell death [230] . To further the argument that calpain is involved in the pathogenesis of MS, oral administration of a BBB-permeable calpain inhibitor cysteic-leucyl-argininal 7 days postinduction of EAE in mice prevented demyelination, inflammation, and improved the behavioral signs of EAE [231] . In addition, peripheral blood mononuclear cells isolated from MS patients showed a correlation between increased calpain activation and T-helper 1 and 2 (Th1/Th2) cell dysregulation during relapse and remission [232] . Inhibition of calpain resulted in an abrogation of activated T-cell cytokines and an overall decrease in MBP degradation [232] . These studies suggest that calpain inhibition in vivo may abrogate both the direct extracellular degradation of myelin and the indirect action of INFγ-mediated cell death of oligodendrocytes and retinal ganglion cells in MS.
The pathologic mechanisms underlying and consequences of calpain activation in MS are distinct from the other neurodegenerative diseases discussed thus far. The mechanisms discussed such as alterations in PKC signaling and the potential for calpain release into the extracellular milieu to damage surrounding neurons can lead to further avenues of research into the pathology of these diseases.
Prion-Related Encephalopathy
Pathophysiology of Activation
A second neurodegenerative disease characterized by the abnormal aggregation of protein is prion disease or transmissible spongiform encephalopathies, including scrapie in sheep, bovine spongiform encephalopathy in cattle (or mad cow disease), and Creutzfeldt-Jakob disease in humans [233] . In the vast majority of cases, prionrelated encephalopathies (PRE) are sporadic with an insidious onset consisting of a triad of symptoms: dementia, pseudosporadic electroencephalograph changes, and myoclonus [234] . The pathogenic protein implicated in the "protein-only" model of PRE is formation of a misfolded form of the ubiquitous mammalian protein, PrP C [235, 236] , into an abnormal, protease-resistant, scrapie form, PrP Sc [233] . The PrP Sc form has a different conformation, increased stability and hydrophobicity, is insoluble, and forms aggregates similar to Aβ [234] . The normal PrP C is processed by a disintegrin and metalloprotease/TNFα-converting enzyme metalloproteases to form the C-terminal fragment C1 [237] ; however, the neurotoxic PrP Sc form is processed into the alternate C2 cleavage product [237] .
Membrane/Receptor (Physiologic Activation)
Calpain is also implicated in the normal physiological processing of PrP C . PrP C is normally a cell surface N-linked glycoprotein that is neurotoxic when present in the cytosol [238] . However, retrotranslational located PrP C (unglycosylated PrP C from the ER that is shuttled to the cytosol for degradation) was increased following proteasome inhibition and increased further with concomitant proteasome and calpain inhibition [239] . Thus, calpain may play a role in reducing toxicity of endogenous, untransformed PrP C in normal neurons. However, this remains controversial as reactive oxygen species (ROS)-induced cleavage of PrP C , which also induces the formation of the C2 fragment, was not mediated by calpain in SHSY-5Y cells [240] .
Cytosol
Calpain was thought to mediate the generation of C2 from PrP Sc because of the known abnormalities in calcium homeostasis caused by scrapie infection [241] . Furthermore, the known inhibitor of PrP Sc aggregation, quinacrine, also abrogates calcium influx [242] , and the treatment of SHSY-5Y cells with the neurotoxic fragment, PrP , increased intracellular calcium inducing calpain activation [243] (Fig. 1) . Indeed, using scrapie-infected mouse brain cells, there was an increase in the presence of the C2 fragment compared to cells that were cleared of infection by chronic pentosan sulfate treatment. The formation of C2 was inhibited by calpain inhibitors, including calpastatin overexpression, but not by cathepsin, caspase, or proteasome inhibitors [244] . A different model using intracerebral injection of the ME7 strain of prion protein into mouse brain, caused PRE-like gliosis, increased GFAP expression and GFAP fragments in hippocampus of infected mouse brain [245] . The increased expression of GFAP correlated with increased expression of μ-calpain in these cells [245] , indicating increased calpain activation, as increased calpain activity occurs in other models inducing reactive gliosis [246, 247] .
Exposure of rat primary neurons to cytotoxic PrP (106-126) also induced calpain and Cdk5 activation in a manner similar to Aβ-induced toxicity [115] . PrP treatment resulted in the calpain-mediated processing of p35 to p25, leading to increased Cdk5 overactivation as measured by tau hyperphosphorylation. Neuronal death due to PrP was reduced following pharmacologic calpain inhibition, and tau hyperphosphorylation was reduced by both calpain and Cdk5 inhibition [115] . Further validation of tau hyperphosphorylation as a measure of PrP toxicity has been demonstrated as increased levels of phosphorylated tau were found in the CSF of patients with PRE [248] . Clearly, more research is needed to characterize the role of calpain and its substrates on neuronal toxicity induced by PrP.
Amyotrophic Lateral Sclerosis
Pathophysiology of Activation
Loss of motor neurons in brain and spinal cord leading to progressive paralysis and ultimately death are the hallmarks of amyotrophic lateral sclerosis [249] . The pathogenesis of this motor neuron disease is thought to be due to excess extracellular glutamate [250, 251] , and associated excitotoxicity as motor neurons vulnerable in ALS are deficient in calcium-binding proteins (as seen in PD; Fig. 1 ). These neurons are unable to efficiently buffer calcium changes [252, 253] , and overexpression of the calcium binding protein, parvalbumin, delayed the onset of ALS in mutant superoxide dismutase (mSOD) transgenic mice [254] . Together, these phenomena would suggest that excitotoxicity coupled with impaired calcium buffering capability would lead to the persistent activation of calpain.
Cytosol
One of the histological findings consistent with ALS pathology is the increase in neurofilament (NF) inclusions. Calpain has been linked to NF processing [255] , and NF processing is modulated by the NF phosphorylation state [256] . Phospho-NFH (a high molecular weight NF) protects against proteolysis [256] , and calmodulin interactions with NFH also decrease calpain-mediated cleavage [257] . Despite these in vitro findings, there were no differences in the physiochemical processing of NFH in ALS patients or normal controls [258] .
While calpain may not be involved in the pathogenesis of ALS by processing NF inclusions, it has been implicated in Cdk5 hyperactivation. Abnormal subcellular localization of Cdk5 occurs in ALS tissue and is implicated in hyperphosphorylation of NFH [259] . Furthermore, mSOD transgenic mice were found to have an increased p25/p35 ratio, increased Cdk5 activity, and hyperphosphorylation of tau and NF [260] . However, mSOD transgenic mice that also had increased expression of NFH and had an increased life span compared to mSOD mice [261] showed diminished tau hyperphosphorylation compared to mSOD-only mice [260] . Thus, it was concluded that NFH acts as a type of competitive antagonist for the pathogenic action of Cdk5-mediated tau hyperphosphorylation. The role of Cdk5 in the pathogenesis of ALS is controversial, however, since mSOD mice with p35 knocked out did not affect disease onset or progression when compared to p35 wild-type mice, despite reduced Cdk5 activity in the p35-null mice [262] .
Calpain activity needs to be assessed further in ALS to determine the substrates that may be involved with motor neuron death. Recently, it was shown that double transgenic mSOD and X-linked inhibitor of apoptosis had decreased caspase-12 cleavage and calpain activity that was associated with increased life span compared to mSOD-only mice [263] . Thus, decreased calpain activity is linked to prolonged life in an ALS model, but the mechanism is not clearly defined.
Conclusions
There is a complex interplay between normal physiologic and persistent, pathologic calpain activity that underlies the pathophysiology of several neurodegenerative diseases. Alterations in calcium homeostasis due to energy depletion in acute neurodegenerative disorders, such as ischemia, TBI, and epilepsy, result in the overwhelming activation of calpain in vitro, in vivo, and in postmortem brain. Chronic neurodegenerative diseases also show calcium dysregulation with ensuing calpain activation via NMDA receptor overactivation in AD, ALS, and PRE, mitochondrial dysfunction, in PD and HD, and by immune cell-mediated release of calpain and cytokines in MS.
In addition to the shared mechanism of calpain activation in neurodegenerative diseases, there is also a commonality in the substrates cleaved by calpain. The prototypical calpain substrate, α-spectrin, is cleaved in all of the diseases mentioned, and it has been used as a biomarker of injury severity [264] [265] [266] . Alterations in the function and substrates of Cdk5 have been revealed in all of the neurodegenerative diseases discussed in this review except MS; however, there are no studies examining Cdk5 activation in MS, so it cannot be ruled out. The inactivation of the prosurvival factors MEF2D and Prx2 by Cdk5 as seen in PD could very well turn out to be components of neuronal death in the other neurodegenerative diseases. Similarly, mGluR1α and NMDA subunit NR2A C terminus cleavage in ischemia, PKA subunit cleavage in AD, and CaN A overactivation seen in both, all decrease prosurvival CREB activation. It remains to be determined if similar mechanisms exist in cerebral ischemia, PD, HD, PRE, MS, and ALS. Production of neurotoxic fragments of proteins is also a commonality among some neurodegenerative diseases. Calpain-mediated cleavage of CRMPs in ischemia, tau in AD, α-synuclein in PD, htt and mhtt in HD, and PrP Sc all result in neuronal death. Further examination of calpain activation in MS and ALS may also uncover similar mechanisms underlying the pathology of these diseases.
Finally, delineating the time course of pathology in the chronic neurodegenerative diseases in relation to calpain activation would be extremely helpful in determining the point where calpain inhibition would prove most useful therapeutically. This is especially important as calpain serves many physiologic roles where its inhibition will be detrimental to neuronal viability [4] . It is probable, as with AD, that abnormal calpain activation is present in PD, HD, PRE, and ALS patients prior to the onset of symptoms and definitely before any pathognomonic indications. Clearly, there are similarities between calpain activation and pathology in both acute and chronic neurodegenerative diseases, and a thorough understanding of the alterations in function of calpain substrates would prove useful in designing therapeutics to ameliorate neuronal death and eventually patient morbidity and mortality to these devastating diseases. 
